Soil microbial biomass (SMB) plays an important role in nutrient cycling in agroecosystems, and is limited by several factors, such as soil water availability. This study assessed the effects of soil water availability on microbial biomass and its variation over time in the Latossolo Amarelo concrecionário of a secondary forest in eastern Amazonia. The fumigation-extraction method was used to estimate the soil microbial biomass carbon and nitrogen content (SMBC and SMBN). An adaptation of the fumigation-incubation method was used to determine basal respiration (CO 2 -SMB). The metabolic quotient (qCO 2 ) and ratio of microbial carbon:organic carbon (C MIC :C ORG ) were calculated based on those results. Soil moisture was generally significantly lower during the dry season and in the control plots. Irrigation raised soil moisture to levels close to those observed during the rainy season, but had no significant effect on SMB. The variables did not vary on a seasonal basis, except for the microbial C/N ratio that suggested the occurrence of seasonal shifts in the structure of the microbial community.
INTRODUCTION
Secondary forests play a major ecological role in the Amazon region, for playing relevant ecological roles, including the fixation of atmospheric C, conservation of biodiversity, connection between forest remnants, and maintenance of the hydrological regime. In addition, secondary forests play a key role in crop rotation, in traditional shifting cultivation systems of the region (Vliet et al., 2013) , by increasing soil biomass and nutrients to meet the nutritional demands of crops (Schroth and Lehmann, 2003; Denich et al., 2004) . Therefore, studies on nutrient cycling in the secondary forests of Amazonia are extremely important from both an ecological and agronomic standpoint.
Soil microbial biomass (SMB) is an important parameter of nutrient cycling in ecosystems, because it is the fraction of soil organic matter (SOM) that is most rapidly decomposed. The dynamics of SMB are determined by biotic and abiotic factors that vary in space and over time in both natural and man-modified ecosystems (Jenkinson and Ladd, 1981; Wardle and Hungria, 1994) . Variation in SMB over time is closely associated with changes in water availability in the soil (Patel et al., 2010) , and its study contributes to the understanding of release and mineralization patterns (Wardle, 1998) of nutrients that will consequently be available for plants (Singh et al., 1989; Luizão et al., 1992) .
The patterns in temporal variation of SMB in temperate climate are already well understood; they are closely associated with seasonal changes of temperature and hydrological regime (Wardle, 1998) . In tropical soils, where temperatures do not vary greatly, water regime plays a major role in the dynamics of soil microbiota (Lodge et al., 1994) . However, few studies have been conducted in tropical environments that describe the variation of SMB in relation to water availability in tropical soils.
The effects of abiotic factors, such as water, on the functioning of ecosystems can be assessed by observational or manipulative experiments (Sala and Jackson, 2000) . Observational experiments on the effects of soil moisture usually consist of the evaluation of variables over periods of differing precipitation rates (e.g., dry and rainy periods), whereas manipulative experiments involve an increase or reduction in the input of water into the ecosystem, by irrigation or absence of precipitation, respectively (Meir et al., 2009) . Our study was developed in the context of an experiment involving the manipulation of soil water availability in a secondary forest in eastern Amazonia, resulting in alterations in several processes of the ecosystem, including the flow of greenhouse gases (Vasconcelos et al., 2004) , input and decomposition of leaf litter (Vasconcelos et al., 2007; , net primary productivity (Vasconcelos et al., 2012) , and leaf gas exchanges (Fortini et al., 2003) .
The objective of this study was to assess the response of microbiological variables and their temporal variation to changes in soil water availability resulting from seasonality of rainfall and irrigation during the dry season.
MATERIAL AND METHODS

Experimental area and sampling
The experimental area consisted of a 15-year-old secondary forest colonizing an area abandoned after multiple cycles of slash-and-burn agriculture. In September 1999, eight 20 × 20 m plots were established, spaced at least 10 m apart. Four plots were randomly assigned to receive irrigation treatments during the dry season, and the others the control treatment (no irrigation). In August 2001, during the dry season, micro-sprinkler irrigation was initiated, i.e., 5 mm of water was applied daily, corresponding to the evapotranspiration rate of the regional native forests (Jipp et al., 1998) . Figure 1 show the rainfall events that occurred in the 30 days before sampling.
Sample preparation and laboratory procedures
The samples were stored in plastic bags and maintained at a temperature of 4 °C until analysis. They were ground, sieved (< 2-mm), and mixed. All plant and animal residues were removed.
The moisture of the samples collected in the dry seasons, in November 2000 and October 2001, was standardized to 60 % of the maximum water retention capacity. To facilitate sieving, the samples collected in April 2001 were air-dried for one night, for being very wet. The samples had a relative moisture content of approximately 60 % of the maximum water retention capacity. Soil gravimetric moisture was determined as proposed by Embrapa (1997).
Organic carbon, soil microbial biomass carbon and soil microbial biomass nitrogen
Organic carbon (C ORG ) was determined by a colorimetric method based on the oxidation of organic matter by a sulfochromic solution and heating, and adapted from Baker (1976) .
To determine soil microbial biomass carbon ( S M B C ) a n d n i t r o g e n ( S M B N ) , w e u s e d SMB fumigation-extraction (Brookes et al., 1985; Vance et al., 1987; Tate et al., 1988) . The extraction was performed using K 2 SO 4 (0.5 mol L -1 ) on non fumigated samples and fumigated samples in alcohol-free chloroform. M i c r o b i a l C w a s d e t e r m i n e d u s i n g t h e colorimetric method (Anderson and Ingram, 1993) and microbial nitrogen determined by the Kjeldahl method (Embrapa, 1997). The K EC used was 0.26 (Feigl et al., 1995) and K EN was 0.54 (Brookes et al., 1985; Joergensen and Müeller, 1996) . 
Microbial biomass basal respiration
Microbial biomass basal respiration (CO 2 -SMB) was estimated using an adaptation of the fumigation-incubation method (Jenkinson and Powlson, 1976) , which consisted of the incubation of soil samples for 10 days in a container of NaOH, to capture CO 2 released by SMB. During the experimental period, the samples were standardized to 75 % of the maximum water retention capacity without humidity correction.
Calculated indices and ratios
The C MIC :C ORG ratio was determined using the results of the SMBC and soil organic carbon analyses. The metabolic quotient (qCO 2 ) (Santruckova and Straskraba, 1991) , also called microbial biomass respiratory quotient (MBRQ) according to Gama-Rodrigues et al. (1997) , was calculated using the microbial biomass basal respiration and microbial biomass carbon data.
Statistical analysis
The effects of irrigation, sampling period, and interactions between irrigation and sampling period were tested using analysis of variance of repeated measurements considering a two-factor design. The differences between means were tested by Tukey's test at a significance of 5 %. Statistical analyses were performed using SigmaStat software, v. 2.0 (Jandel Scientific, 1994) .
RESULTS
The results showed a significant effect of the interaction between irrigation and sampling period on soil gravimetric moisture (Table 2) . During the dry season (November 2000), the gravimetric moisture contents were approximately half the values measured in the rainy period (April 2001) (Figure 2 ). During the irrigation period, gravimetric moisture was significantly higher in the irrigated plots than the control plots, approximately 80 % of the values measured in the rainy period (Figure 2 ).
There was no interaction effect between sampling period and treatment, though sampling period did have a significant effect on the following variables: C ORG , SMBC, SMBN, CO 2 -SMB, qCO 2, C MIC :C ORG, and C:N MIC ( Table 2 ).
The SMBC values varied between 469 and 924 µg g -1 of C and were significantly higher in November 2000 (dry season) than in the other sampling periods (Table 3) The values of soil microbial biomass basal respiration (CO 2 -SMB) were significantly different among all sampling periods (Table 3 ). The metabolic quotient (qCO 2 ), which also increased with time, was significantly higher in April and October 2001 (Table 3) . The values of soil organic C differed between the two dry periods; however, they were statistically similar to those in the rainy season. The C MIC :C ORG ratio was significantly higher in November 2000 than in the other sampling periods. (Table 3) .
DISCUSSION
The values for SMBC and SMBN agreed with results of earlier studies conducted in the same region (Rangel-Vasconcelos et al., 2005; Sotta et al., 2008; Lopes et al., 2011; Melo et al., 2012) . Bittencourt et al. (2006) found a higher SMBN content in Amazonian soils under secondary vegetation in the rainy season. Other studies in tropical forests indicated that seasonal variation in soil moisture is associated with seasonal variation in soil microbial C and N (Singh et al., 1989; Luizão et al., 1992; Srivastava, 1992) . However, in this study no clear pattern of soil microbial mass variation associated with seasonal changes in soil moisture was observed.
The high concentrations of SMBC and SMBN in the first soil sampling, during the dry season, may have been the result of nutrient release from dead SMB and/or the decomposition of leaf litter, in addition to rainfall in the days before sampling. Prolonged dry periods followed by rainfall cause osmotic stress in microbial cells and promote cell lysis, resulting in the release of a pulse of nutrients (Lodge et al., 1994; Wardle, 1998; Yang et al., 2008) , that become available to the soil microbiota and plants (Singh et al., 1989; Srivastava, 1992) . In fact, pulses of soil CO 2 efflux, possibly associated with the increase in microbial activity, were observed in the same experimental area in response to rainfall during prolonged dry periods (Vasconcelos et al., 2004) . In addition, in the dry season, there is an accumulation of leaf litter as a combined consequence of increased litter production and reduced decomposition rate (Vasconcelos et al., 2007; . Therefore, rainfall in the dry season favors the release of nutrients from the accumulated leaf litter, which benefits the soil microbial biomass.
The occurrence and amount of daily precipitation during the 30 days preceding the two samplings performed in the dry season (November 2000 and October 2001) are shown in figure 1 . In the first soil sampling, pluvial precipitation was 77 mm during the 30 preceding days, 17 mm of which fell in the week immediately before sampling, characterizing a period of possible nutrient pulses (Lodge et al., 1994) . Prior to the October 2001 sampling, precipitation was 24 mm in the preceding 30 days (no rain fell in the 15 days before sampling).
The values of basal respiration were higher than those found by previous studies conducted in Amazonia: 0.81 μg g -1 h -1 of C-CO 2 (Luizão et al., 1992) , 0.35 to 0.70 μg g -1 h -1 of C-CO 2 (Gama-Rodrigues et al., 1994) , and 0.85 to 1.11 µg g -1 h -1 C-CO 2 (Melo et al., 2012) . This may have been a result of soil-climatic differences, as well as differences between the methods used to determine basal respiration. In general, there was an increase in carbon mineralization during the observation period, rather than the expected increase in the amount of SMBC. Over time, qCO 2 lost efficiency, since carbon was mineralized at a faster rate than it was fixed, indicating that the greater the amount of carbon in SMB, the lower its mineralization rate and vice-versa (Santruckova and Straskaba, 1991; Gama-Rodrigues et al., 1997) . Contrary to what was expected, the high respiration rate in the third sampling (October 2001) indicated an increase in microbial activity, although this increase was not stimulated by soil water availability.
Although no consistent pattern of seasonality was observed for SMBC and SMBN during the experiment, the microbial C/N ratio tended to vary on a seasonal basis, suggesting an alteration in the microbial community composition with the changes between dry and rainy seasons. Bacterial microbiota is richer in proteins, and therefore in N content, than fungal microbiota (resulting in a lower C/N ratio) (Anderson and Domsch, 1980; Brady, 1989; Tate, 2000) . Ross (1987) characterized the C and N contents of soil microorganisms and observed a C:N ratio of 22 for Penicillium novae-zelandiae, but a C:N ratio for Pseudomonas sp. of 3.3. Cornejo et al. (1994) studied the effects of irrigation on the microbial community structure in a tropical forest and observed a higher density of bacteria and a lower density of fungi in an irrigated plot. On the other hand, Holland et al. (2013) found a higher density of fungi in soils under grape cultivation with periods of irrigation.
Repeated cycles of soil drying and wetting can favor the growth of microbial populations adapted to these conditions. Marschner et al. (2002) demonstrated that bacteria and fungi are able to tolerate sudden changes in soil matric potential, and grow rapidly with the availability of nutrients from the labile fraction of soil organic matter or dead microorganisms. However, fungi can respond better to fluctuating conditions of soil moisture and survive periods of drought, for being more resistant to osmotic stress (Wardle, 2002; Coleman et al., 2004 ).
The C ORG content increased over the observation period, possibly as a result of the increase in phytomass, production of net organic matter, and secondary vegetation succession (Vieira, 1996; Rangel-Vasconcelos et al., 2005) . The values of C MIC :C ORG indicate the extent to which soil C ORG is in the form of SMB, and the extent to which C ORG will return to the atmosphere in the form of CO 2 . Usually, SMB represents between 1 and 5 % of total C ORG in the soil (Powlson and Jenkinson, 1981; Balota et al., 1998) . According to Anderson and Domsch (1989) , the C MIC :C ORG ratio varies between 0.3 and 7 %. Basante et al. (2001) observed values between 3 and 11 % in the native forests of Amazonia, whereas Rangel- Vasconcelos et al. (2005) reported values between 2 and 18 % in secondary vegetation of various ages.
CONCLUSIONS
The increase in soil water availability resulting from irrigation during the dry season and under the experimental conditions of this study had no effect on soil microbial biomass.
Carbon, nitrogen, and microbial activity indicated no seasonality in relation to the dry and rainy seasons.
T h e m i c r o b i a l C / N r a t i o i n d i c a t e d n o seasonality; however, the results indicated changes in the microbial community according to the sampling period.
